Introduction
Type I diabetes mellitus is a T cell-dependent autoimmune disease resulting in selective destruction of the β cells in pancreatic islets [1] . The loss of immune tolerance to β cell autoantigen leads to the generation of cytotoxic autoreactive T cells, which is the most important pathogenic aspect in the disease. Therefore, restoration of tolerance in pre-diabetic individuals may be a potential way to prevent disease development [2] . Antigen-presenting cells (APC) have been proven to be integral participants in the initiation and regulation of insulin-dependent diabetes mellitus (IDDM) [3] . Dendritic cells (DC) are a family of professional APC in the immune system and control immune responses to either augment or reduce autoimmunity by a variety of mechanisms, which is also related to their various subtypes or their state of maturation [4] . With respect to their immunomodulatory properties, it might be feasible to utilize DC for the development of intervention strategies to treat or prevent autoimmune diseases. Recent studies have suggested that in vitro cultured DC can serve as highly potent vaccines for various immunotherapies in experimental autoimmune model, such as experimental autoimmune encephalomyelitis and collagen-induced arthritis [5] .
Abstract
Aim: To investigate the effect and underlying mechanisms of immune-tolerance induced by the adoptive transfer of bone marrow (BM)-derived dendritic cells (DC) in insulin-dependent diabetes mellitus (IDDM) mice. Methods: The IDDM model was established by a low dose of streptozotocin (STZ) in Balb/c mice. Two DC subpopulations were generated from the BM cells with granulocyte-macrophage colony-stimulating factor with or without interleukin-4. The purity and the T cell stimulatory capability of DC were identified. These cells were used to modulate autoimmune response in pre-diabetic mice. Blood glucose was examined weekly; pancreas tissues were taken for histopathological analysis, and CD4 + T cells were isolated to detect lymphocyte proliferation by MTT assay and the ratio of CD4 + CD25
+ T cells by fluorescence-activated cell sorting (FACS). The cytokine secretion was determined by ELISA analysis. Results: Two DC subsets were generated from BM, which have phenotypes of mature DC (mDC) and immature DC (iDC), respectively. The level of blood glucose decreased significantly by transferring iDC (P<0.01) rather than mDC. Less lymphocyte infiltration was observed in the islets, and pancreatic structure was intact. In vitro, proliferation of lymphocytes decreased and the proportion of CD4 +
CD25
+ T cells increased remarkably, compared with the mDC-treated groups (P<0.05), which were associated with increased level of the Th2 cytokine and reduced level of the Th1 cytokine after iDC transfer. Conclusion: Our data showed that iDC transfer was able to confer protection to mice from STZ-induced IDDM. The immune-tolerance to IDDM may be associated with promoting the production of CD4 + CD25
+ T cells and inducing regulatory Th2 responses in vivo. [6] demonstrated that the injection of DC isolated from draining lymph nodes of the pancreas (but not spleen DC) could protect non-obese diabetic (NOD) mice from disease development, but the detailed phenotype of injected cells was not specified in their study. To gain more insight into the effects of DC transfer in experimental autoimmune diabetes, we evaluated the effects of two distinct DC subpopulations from BM on the development of streptozotocin (STZ)-induced autoimmune diabetes. We show that treatment with immature DC (iDC) rather than mature DC (mDC) can confer protection to mice against IDDM induced by STZ, which is associated with enhanced differentiation of regulatory T cells. 7 cells were seeded into 6-cm dishes. Four hours later, the non-adherent cells were gently removed by swirling the dishes gently and aspirating the medium; and dishes were washed 4 times with phosphate buffered solution (PBS). Fresh RPMI-1640 medium containing 10% FCS, mouse GM-CSF (0.02 ng/L) with or without mouse IL-4 (0.02 ng/L) was added into the dishes. On every other day, the medium was removed and fresh medium with cytokines was added. The cells were harvested for study 7 d later.
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Fluorescence-activated cell sorting (FACS) analysis of purified DC The two different DC cultured in GM-CSF or GM-CSF+IL-4 were collected in PBS (2×10 6 cells/mL) and incubated with FITC-conjugated anti-mouse CD11c, FITC-conjugated anti-mouse CD86 or FITC-conjugated anti-mouse MHC II mAbs for 30 min at 4 °C, respectively. The cells were washed twice in PBS and analyzed with a flow cytometer (Becton Dickinson, San Jose, CA, USA) using CellQuest software (Becton Dickinson, San Jose, CA, USA).
Allogeneic mixed lymphocyte reaction (MLR) Allogeneic responder lymphocytes were prepared by passing mouse spleens through a nylon mesh, depleted of erythrocytes with Ficoll lymphocyte isolation liquid. Graded doses of DC and 2×10 5 T cells were cocultured as triplicate in 96-well plates in a total volume of 200 µL/well at DC/T cell ratios from 1:40 to 1:10. After 72 h, MTT (5 g/L) was added 4 h before the termination of the culture. Then 150 µL DMSO was added to each well and oscillated for 10 min. The absorbance was measured by an enzyme-linked immunosorbent assay plate reader (Multiskan MK3, Thermo Labsystems, Vantaa, Finland) at a wavelength of 570 nm.
Treatment of mice with DC The DC were washed 3 times in cold PBS before injection. GM-CSF DC or GM-CSF+IL-4 DC (3×10 5 /mouse) were injected by ip route into the Balb/c mice, respectively. The untreated and STZ controls were administered with equal volumes of PBS. Subsequently, the STZ control and the mice treated with DC were injected ip with STZ 40 mg/kg for 5 consecutive days as described [7] . The mice were observed for the onset of diabetes with measurements of the glucose concentration in the blood obtained from a tail vein, which was performed weekly with a blood glucose detector (Yicheng Bioelectronic Technology Co, Ltd, Beijing, China). Consecutive readings of blood glucose levels >16.7 mmol/L were considered diagnostic of the onset of diabetes.
FACS analysis of CD4 + CD25 + regulatory T cells The mice were sacrificed by cervical dislocation at d 28 after the last injection of STZ, and the spleens were removed aseptically. The spleen cells, 2×10 6 , were incubated with FITC-conjugated anti-mouse CD4 and PE-conjugated anti-mouse CD25 mAbs for 30 min at 4 °C. The cells were washed twice in PBS and analyzed with a flow cytometer.
Lymphocyte proliferation The spleen cells were treated with a red cell lysis buffer and total T cells were purified by non-adherence to nylon wool. CD4 + cells were positively selected magnetically with mAbs directly bound to MACS MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's protocols, and were counted as viable cells (Trypan blue stain negative). The proliferation of the CD4 + T lymphocytes was determined by MTT assay. Cells 2×10 6 treated with T lymphocyte mitogen ConA (5×10 -3 g/L) were cultured in flat-bottomed 96-well plates in a total volume of 200 µL/well. After incubation for 3 d at 37 °C and 5% CO 2 , MTT (5 g/L) was added 4 h before the termination of culture. Then, 150 µL DMSO was added to each well and oscillated for 10 min. The absorbance was measured at a wavelength of 570 nm.
Histological examination of pancreata All of the mice were sacrificed at d 28 after the last injection of STZ. The pancreata were fixed in 10% neutral formalin (pH 7.0), processed for paraffin embedding, sectioned (5 µm), and stained with hematoxylin-eosin (H&E). The degree of insulitis was scored blindly by 2 independent observers using a semiquantitative scale ranging from 0 to 4: 0, normal islet with no sign of T cell infiltration; 1, focal peri-islet T cell infiltration; 2, more extensive peri-islet infiltration, but with lymphocytes less than one-third of the islet area; 3, intra-islet T cell infiltration in one-third to one-half of the islet area; and 4, extensive intra-islet inflammation involv-ing more than half of the islet area. 8 to 12 islets from each animal were scored.
ELISA Serum samples of the mice were assayed for cytokine concentration. The levels of IL-2, interferon-γ (IFN-γ), IL-4, and IL-10 were determined using a mouse IL-2 ELISA kit (eBioscience, USA) and mouse IL-4, IL-10, IFN-γ ELISA kits (R&D systems, USA) according to the manufac-turer's 
Results
Characteristics of DC To generate DC, the BM cells of Balb/c mice were cultured in the presence of GM-CSF, with or without IL-4. DC cultured in GM-CSF or GM-CSF+IL-4 were all 85%-95% positive for the DC marker (CD11c), 93.2% and 87.4%, respectively. The expression of CD86 (85.6%) and MHC II (87.5%) were significantly increased in GM-CSF+IL-4 DC. In contrast, DC cultured only with GM-CSF showed low expression of CD86 (19.4%) and MHC II (14.6%; Figure 1 ). Thus, based on these in vitro data, the 2 DC populations used in this study could be classified as iDC (GM-CSF DC) and mDC (GM-CSF+IL-4 DC) in agreement with the general concept of DC maturation.
Stimulatory effect of DC in MLR The ability of the 2 DC populations on allogeneic responder lymphocyte was tested in MLR. The capacity of the DC subsets to stimulate allogeneic T cells was correlated with the levels of costimulatory molecules CD86 and MHC II of these 2 DC subpopulations. High T cell proliferation was induced by mDC from the ratio of 1:20 (stimulator:responder), whereas iDC elicited clearly lower T cell responses at whatever ratio (P<0.01, Figure 2) .
Protection of diabetes by iDC transfer The mice treated with multiple low doses of STZ became gradually hyperglycemic. The disease occurred after injecting STZ with similar clinical appearances of human IDDM, such as increased hydroposia, food ingestion, urine and decreased bodyweight (data not shown). Recipients of iDC were significantly protected from diabetes (P<0.01), whereas mDCtreated mice did not avoid disease development; the level of blood glucose in these mice showed indistinctive differences with the STZ-treated mice (P>0.05; Figure 3 ). To test the effects of DC on the progression of insulitis, we examined the histology of pancreata of all mice. Pancreatic tissue sections from iDC-treated mice revealed a marked reduction in the degree and severity of insulitis compared to the STZ control, as judged by the 'insulitis score' (Figures 4, 5) . We found that the beta cells of mDC-treated mice were destructed severely and there were large number of lymphocytes surrounding and intruding into the islets of Langerhans, with the similar condition of the diabetic mice. This is consistent with the above results of the blood glucose levels in Figure 3 . Enhanced proportion of CD4 + CD25 + T cells by iDCs transfer To investigate the mechanism of the tolerogenic function of iDCs, we next analyzed whether this effect was correlated with enhanced accumulation or preservation the regulatory T cells. For FACS analysis of spleen lymphocytes we had determined the profile using fluorescently conjugated anti-CD4 and anti-CD25 Abs. We showed that there was a deficiency of CD4 + CD25
+ T cells in diabetic mice, while the normal proportion of these cells was 5% approximately. It appeared that the protective effect of iDC transfer might be partially due to the generation/activation of T cells within the CD4 + CD25
+ phenotype. In contrast, giving mDC did not improve the pathological state of these regulatory T cells (Figures 6, 7 ).
Decreased CD4
+ T lymphocytes proliferation The effects of DC transfer on CD4 + T lymphocytes proliferation was examined by MTT assay. We observed increased lymphocytes proliferation in the STZ control, compared with the normal mice (P<0.05). The proliferative responses was significantly suppressed by iDC transfer (P<0.05), while there was no obvious change in mDC-treated mice (P>0.05, Figure 8 ).
Cytokines shift by iDC
To assess the effects of DC transfer on the production of Th1 and Th2 cytokines, the levels of IL-2, IFN-γ, IL-4, and IL-10 in the serum were measured by ELISA. Our results showed that transfer of iDC led to high amounts of IL-4 and IL-10 and low amounts of IL-2 and IFN-γ in the mice, whereas mDC did not, compared with the STZ control ( Figure 9 ). These data showed that only iDC were able to induce a shift towards Th2 cytokine production after cells transfer into mice.
Discussion
IDDM is characterized by autoreactive lymphocytes infiltration in the pancreatic islet of Langerhans, followed by β cell destruction, leading to hyperglycemia. Multiple injections of low doses of STZ could develop an autoimmune diabetic model that exhibits many immunological and clinical features of IDDM in humans [8] . Injection of STZ in 5 equal low doses (40 mg·kg ) induces a slow progressive hyperglycemia, accompanied by lymphocytic infiltration of the pancreatic islets. This model provides a basis to understand the mechanisms involved in the onset and modulation of autoimmune pancreatic damage, which has been used extensively to study the immunological pathways that prevent insulitis and β cell destruction [9] [10] [11] . DC, as the professional APC, are uniquely able to either induce immune responses or to maintain the state of selftolerance. Our work has been concerned with the 2 distinct DC populations derived from BM cells cultured in GM-CSF plus IL-4 or GM-CSF alone. Various in vitro studies have demonstrated that the culture of BM cells (myeloid progenitors) with GM-CSF results in the growth and differentiation of macrophages, neutrophils, and DC with immature phenotype. Furthermore, DC progenitors could be induced to develop into a large numbers of mDC by exposure to GM-CSF+IL-4 [12, 13] . Our data has described the differences in the phenotype and the T cell stimulatory capacity between the 2 DC populations. Activated mDC cultured in GM-CSF+IL-4 expressed high major histocompatibility complex (MHC) class II and costimulatory molecules. These cells were efficient stimulators of naïve allogenic T cells. In contrast, iDC expressing low MHC II and costimulatory molecules were poor T cell stimulators.
In the present study, we investigated the effects and mechanism of the 2 DC populations transfer to modulate the development and progression of diabetes in multiple low dose of STZ-induced diabetic mice. The first use of DC to prevent IDDM mice was documented by Clare-Salzler et al [6] who demonstrated that transfer of the pancreatic lymph node (PLN) DC derived from NOD mice into pre-diabetic NOD mice conferred significant protection from IDDM, while DC isolated from other lymph organs were not. According to the authors, the protections may occur because PLN DC carry a relevant islet peptide that is presented to lymphocytes and promotes the activation of regulatory elements. However, the phenotypes of these DC were not described, probably because of the small number of cells collected from PLN.
Machen J et al [14] reported that a protective effect of DC against the development of diabetes was induced following injection of ex vivo antisense oligonucleotides-pulsed BMderived DC, which suggests that the protective effect could be due to the state of DC rather than the tissue origin of DC. Growing evidence shows that iDC were able to induce T cell energy or differentiation of regulatory T cells, suggesting that the tolerance can be mediated by an immature stage of DCs [15] [16] [17] . These iDC are usually called 'tolerogenic DC' [18] . Thus, such cells with tolerogenic property might prove to be useful tools for treating autoimmune diabetes.
Indeed, significant protective effect against IDDM was observed in the mice given a single injection of 3×10 5 iDC, but not mDC. The lower blood glucose levels were paralleled by the prevention of insulitis, which was demonstrated by examining the histology of the pancreata of the mice. We found a marked reduction of insulitis in the H&E sections (Figures 4, 5 ). These data indicate that injection of iDC was able to prevent the infiltration of immune cells that otherwise impair β cell function and promote β cell destruction. When DC were transferred to the mice who had already received STZ-injections, the anti-diabetogenic effect was not remarkable (data not shown), suggesting that the transferred DC can exert their anti-diabetogenic effect before stimulation of the self-reactive T cells by multiple low doses of STZ in the pancreatic islets.
Furthermore, we found an increased number of CD4 + CD25 + T regulatory cells in the spleens of iDC-treated mice compared with diabetic mice, which might be responsible for protection against diabetes. We hypothesized that iDC circulated and took up dying cells derived from normal cell turnover. Upon phagocytosis in the absence of inflammation, DC remained immature, but were still able to migrate to regional lymph nodes. Then naive T cells in the lymph nodes may encounter antigen on these iDC, receive a suboptimal signal, and differentiate into T regulatory cells rather than effector T cells. As multiple low doses of STZ can induce inflammatory reactions in mice [9] , iDC may be activated to express maturation markers in the local microenvironment and become unable to expand T regulatory cells. Therefore, administration of DC after STZ-injections could not be effective against diabetes. CD4 + CD25 + T regulatory cells appear to play an important role in controlling the progression of type 1 diabetes because a low level of CD4 + CD25
+ T cells correlates with exacerbation and acceleration of the disease [19] . In the NOD mice and IDDM patients, defects in the differentiation of the regulatory T cells that maintain peripheral tolerance to autoantigens probably contribute to disease development [20] [21] . Our previous study also demonstrated that there are some abnormalities in the proportion of CD4 + CD25 + T cell subsets in multiple low doses of STZ-induced diabetic mice [22] . iDC have been shown to induce profound accumulation of the regulatory CD4 + CD25
+ T cell subset. The shift of cytokine production towards Th2 profiles by iDC also appears to be associated with the increased CD4 + CD25 + T cell population. CD4 + CD25
+ T regulatory cells could enhance regulatory Th2 response, inhibiting the Th1-mediated β cell destruction [23] . Protective Th2 cells produced high levels of IL-4 and IL-10, which may even contribute to the protection. Thus, iDC administration restored the balance between pathogenic Th1 and regulatory Th2 cells in vivo by the CD4 + CD25
+ T regulatory cells. In addition, CD4 + CD25 + T cells inhibit the response of conventional CD4 + T cells in a contact-dependent manner and simultaneously confer suppressive properties to such cells, resulting in suppression of the proliferation of autoreactive T cells [24] . Thus, the generation or survival of regulatory cell activity in the splenocyte fraction may be a primary role of the protective effects of iDC in recipients.
In summary, data from the present study indicate that adoptive transfer iDC can confer protection to mice from STZ-induce diabetes. However, the DC subset, characterized by mature phenotype, failed to modulate the disease. The immunoprotection of iDC may be related to establishing immunotolerance by promoting the differentiation of CD4 + CD25
+ T cells and enhancing Th2 cytokine expression in vivo. Our results may have important implications for the development of therapeutical protocols based on DC transfer for the prevention of autoimmune diabetes.
